Malassezia globosa, which is associated with skin conditions such as dandruff and seborrhoeic dermatitis, possesses 13 secreted lipases, but only MgLip1, MgMDL2 and MgLip2 have been characterized. To understand the substrate preferences of these lipases and by extension their potential role in colonizing human skin, we expressed all 13 predicted secreted lipases in Pichia pastoris and evaluated their ability to utilize mono-, di-and triolein substrates. The M. globosa family class 3 lipases were shown to be specific for mono-and diacylglycerols, but exhibited no regio-selective production of diacylglycerols, which are of special interest for industrial applications. Lipases belonging to the Lip family utilized all substrates. In a further step, five lipases previously demonstrated to be expressed on human skin were tested against the eight most common di-and triacylglycerols in human sebum. All lipases liberated free fatty acids from three to eight of these substrates, proving their ability to hydrolyse key components of human sebum. Again, only Lip family lipases showed activity on triacylglycerides. Based on the demonstrated activity and expression levels of MgLip2 in M. globosa, the Lip lipase family appears to have the highest impact for the pathogenicity of M. globosa.
INTRODUCTION
Malassezia spp. are opportunistic fungal pathogens commonly found on the skin of humans and other warm-blooded animals (Hort & Mayser, 2011) , which cause skin disorders such as dandruff, pityriasis versicolor, atopic dermatitis and seborrhoeic dermatitis (SD) (Ashbee & Evans, 2002; Cafarchia & Otranto, 2008; Gueho et al., 1998; Guillot et al., 2008; Kieffer et al., 1990) . Although most treatments employ antifungal agents, colonization of the scalp by the fungus is not the only trigger of dandruff (Ashbee & Evans, 2002; Chen & Hill, 2005; Shuster, 1984) ; sebaceous secretion and individual sensitivity also have a role in the development of dandruff (DeAngelis et al., 2005) .
All members of the genus Malassezia, with the exception of Malassezia pachydermatis, show a unique lipid dependency (Batra et al., 2005; Midgley, 2000) . As a result, the fungi produce lipolytic enzymes, such as lipases, to digest triacylglycerides (TAGs) contained in the sebum and take up the free fatty acids. Human sebum is a complex mixture of TAGs, fatty acids (saturated and unsaturated), wax esters, sterol esters, cholesterol, cholesterol esters and squalene. TAGs and esters are broken down by commensal microbes to diacylglycerides (DAGs), monoacylglycerides (MAGs) and free fatty acids, varying considerably, but predominantly being 16 and 18 carbons in length -stearic (C18 : 0), oleic (C18 : 1D9), linoleic (C18 : 2D9D12), palmitic (C16 : 0), sapienic (C16 : 1D6), palmitoleic (C16 : 1D9) (Ro & Dawson, 2005) .
It has been shown that total fatty acid levels are elevated in dandruff sufferers and that oleic acid evokes a flaking response in dandruff-susceptible individuals (Ro & Dawson, 2005) . Consequently, the hypothesis arose that Malassezia globosa and Malassezia restricta cause dandruff by hydrolysing the TAG component of sebaceous lipids, specifically utilizing the saturated fatty acids for growth, while leaving behind unsaturated free fatty acids that irritate the skin. However, other studies showed reduced free fatty acid levels in dandruff sufferers (Harding et al., 2002; Rogers et al., 2003) , contradicting this hypothesis. While, the role of lipid cycling in the aetiology of dandruff is still obscure, the lipid microfillar layer of Malassezia cells has been shown to down-regulate the inflammatory immune response, implying once more that the lipid dependency of the fungus might have a role in its virulence (Kesavan et al., 2000) .
Analysis of the M. globosa genome in 2007 revealed the absence of a fatty acid synthase, explaining the lipid dependency of this organism (Xu et al., 2007) . Furthermore, the need to assimilate fatty acids from external sources is reflected in the M. globosa genome, which encodes 14 lipases, of which 13 are predicted to be secreted. Three lipases from M. globosa have recently been characterized. Biochemical characterization of MgLip1 and MgMDL2 (Xu et al., 2015) revealed that these lipases utilized MAGs and DAGs as substrates, but not TAGs. In addition, MgLip2 was identified, purified and published as a further extracellular lipase from M. globosa (Juntachai et al., 2011) . Interestingly, it was recently reported that MgLip1 could be converted to a typical TAG lipase via a single amino acid change (Gln282Leu) .
The majority of lipases encoded in the M. globosa genome (11 of 14) have not yet been characterized and are annotated as hypothetical proteins. Consequently, their potential roles in the aetiology of skin diseases such as dandruff/SD remain unknown. In this study, we present a detailed description of all 14 lipases from M. globosa. We expressed all 13 predicted secreted lipases from M. globosa in Pichia pastoris and evaluated their abilities to hydrolyse mono-, di-and triolein. To further understand how these lipases might be involved in the common hyperproliferative skin disorders dandruff/SD, the five most abundantly expressed lipases (MgLip1, MgLip2, MgLip3, MgMDL2, and MgMDL3) were evaluated against DAGs and TAGs that compose the most common acylglyceride constituents of human sebum.
METHODS
In silico analysis of protein sequences. Lipase protein sequences from M. globosa were analysed using the Pfam 27.0 server (http://pfam. xfam.org) (Finn et al., 2014) . Prediction of the signal peptides was performed using SignalP 4.1 (Petersen et al., 2011) . Putative N-glycosylation sites were identified using NetNGly 1.0 (Blom et al., 2004) .
Phylogenetic analysis. Lipase sequence alignments were generated using Clustal Omega (McWilliam et al., 2013) and phylogenetic analyses were performed using MEGA7 (Tamura et al., 2013) . For Fig. 1 , the evolutionary history was calculated using the maximum likelihood method based on the Le_Gascuel_2008 model (Le & Gascuel, 2008) . The lipases shown were identified by mining the ESTHER database (Lenfant et al., 2013) and using protein BLAST analysis (https://blast.ncbi.nlm.nih.gov/ Blast.cgi?PAGE=Proteins). The tree with the highest log likelihood (À1377.0656) is shown. A discrete gamma distribution was used to model evolutionary rate differences among sites [five categories (+G, parameter = 1.4603)]. For Fig. 2 , the evolutionary history was inferred using maximum likelihood based on the Whelan and Goldman model to show the highest log likelihood (À1948.1008) (Whelan & Goldman, 2001) . A discrete gamma distribution was used to model evolutionary rate differences among sites [five categories (+G, parameter = 5.6107) ]. The trees are drawn to scale, with branch lengths measured in number of substitutions per site, and were calculated based on 1000 bootstrap replications (n=1000).
Strains and plasmid. Escherichia coli NEB 10-beta [D(ara-leu)7697 araD139 fhuA DlacX74 galK16 galE15 e14 À f80dlacZDM15 recA1 relA1 endA1 nupG rpsL (Str R ) rph spoT1 D(mrr-hsdRMS-mcrBC)] was purchased from New England Biolabs. The P. pastoris strains GS115 (his4) and KM71 (arg4his4akox1 :: ARG4), as well as the shuttle vector pPIC3.5, were contained in the Pichia expression kit from Life Technologies.
Cloning of the secreted lipases from M. globosa. Genomic DNA from M. globosa strain ATCC 96807 was isolated using a fast DNA extraction kit (FastDNA SPIN kit for soil; MP Biomedicals) according to the manufacturer's protocol. To clone the 13 secreted lipases from M. globosa, 5¢ and 3¢ primers were designed for each gene according to their National Center for Biotechnology Information reference sequence (Table 1) . To facilitate purification of the enzymes, a C-terminal 7Â histidine (7xHis) tag was incorporated in the 3¢ primers (shown in bold). PCR was performed using KOD Hot Start Master Mix (Merck) and 2 µl genomic DNA as the template according to the manufacturer's specification. Purified PCR products and pPIC3.5 were digested with BamHI or EcoRI and NotI (recognition sites are underlined in the primer sequences), ligated with T4 DNA Ligase (New England Biolabs) and used to transform competent E. coli NEB10-beta cells. It should be noted that pPIC3.5 does not contain a signal peptide and is normally used for intracellular protein expression. To confirm error-free cloning of the M. globosa lipases, expression constructs were fully sequenced (MWG Operon).
Production of recombinant expressed lipases. All secreted M. globosa lipases, with the exception of MgMDL2, were expressed in P. pastoris strain GS115 (his4) (Life Technologies) according to the Pichia expression kit protocol. MgMDL2 was expressed in the P. pastoris strain KM71 (arg4his4akox1 :: ARG4) (Life Technologies), as better expression was achieved in this strain compared to expression in GS115 cells. Cell-free culture supernatants containing heterologously expressed proteins were concentrated using Macrosep Advance centrifugal filter devices (VWR) with a molecular mass cut-off of 3 kDa. Protein purification was performed using Ni 2+ -NTA resin (Thermo Scientific), as well as buffers (binding buffer -100 mM HEPES, 25 mM imidazole, pH 7; elution buffer -100 mM HEPES, 500 mM imidazole, pH 8). Desalting of the proteins was performed with PD-10 columns (GE Healthcare). Protein concentration was measured at 280 nm with unfolded protein in 8 M urea. The molar extinction coefficient of each lipase was calculated by the ExPASY ProtParam tool (Gasteiger et al., 2005) .
Lipase activity assays. Lipase activity was determined by HPLC analysis. Assay mixtures contained 20 mM MES buffer at pH 5.5, 1 mg solubilized substrate and 20-75 µg enzyme in 500 µl. Each assay was performed in triplicate (n=3). Monoolein, diolein (1,2 isomer), distearin (1,2 isomer), tristearin, dilinolein (1,2 isomer), trilinolein, dipalmitolein (1,2 isomer) and trihexadecenoin were obtained from Nu-chek Prep, and triolein, as well as 1,2-dipalmitoyl-and tripalmitoylglycerol, were obtained from Sigma-Aldrich. All substrates were solubilized by sonication at 8 C using a sonicator 3000 (Mixonix). The instrument was set to 20 s on, 15 s off, for a total of 4 min at level 4-5 (approximately 60 W). The assays were processed in two ways. (a) After incubation for 24 h at 30 C, 200 rpm, the assays were frozen to stop enzyme activity and freeze dried overnight (VirTis, Freezemobile 25 ES; SP Scientific). The dry residues were extracted with 1 : 1 ethyl acetate/n-hexane (VWR International) and the solvent removed by evaporation using a GeneVac EZ-2 Plus (SP Scientific).
(b) Assays with saturated substrates (distearin, tristearin, dipalmitoylglycerol, tripalmitoylglycerol) and assays with dilinolein and trilinolein were topped with 1 ml hexane, incubated for 24 h at 30 C and 200 rpm, and the hexane layer was immediately removed and evaporated. Dried assay extracts were solubilized in 1 : 1 isopropanol/ acetonitrile (VWR International). Each reaction was performed in triplicate (n=3). MAGs, DAGs and TAGs, as well as the free fatty acids, were quantified using a Thermo FINNIGAN Surveyor HPLC coupled with an evaporative light-scattering detector (Sedex 60LT; Sedere), and equipped with an auto sampler and degasser. Chromatographic separation was performed using a Phenomenex Synergi 4 µm MAX-RP 80 Å 150Â4.6 mm column, coupled with mobile phase parameters consisting of solvent A [acetonitrile/water (9 : 1) and 0.1 % formic acid] for 5 min followed by a gradient to 100 % solvent B [isopropanol/acetonitrile (1 : 1) and 0.1 % formic acid] over 5 min and a column wash at 100 % solvent B for 20 min. The flow rate was 1 ml min À1 and the injection volume 10 µl.
Analysis of lipase reactions by TLC. After assay extraction, the hexane/ethyl acetate layer containing free fatty acids and acylglycerols was loaded on a TLC plate coated with silica gel 6 (Whatman International). For MAG, 1,2-DAG and 1,3-DAG substrates, the developing solvent was petroleum ether/ethyl ether/acetic acid (80 : 20 : 1, by vol.) as described by Xu et al. (2012a) . To separate dilinoleic acid from dilinolein and trilinolein, the developing solvent was hexane/tert-butyl methyl ether/ acetic acid (80 : 20 : 1, by vol.). Analytes were visualized by spraying plates with 5 % H 2 SO 4 in methanol, followed by drying with a heat gun.
RESULTS AND DISCUSSION
Sequence analysis of M. globosa lipases Based on whole genome shotgun sequencing, the genome of M. globosa (type strain CBS7966) encodes 14 lipases, 13 of which were predicted to be secreted (Xu et al., 2007) . Finn et al., 2014) .
Phylogenetic analysis clearly divides 12 of the putatively secreted lipases into two lipase protein families as shown in Fig. 1 for the M. globosa lipases in comparison to lipases from other organisms and in Fig. 2 exclusively for the M. globosa lipases. These two families are LIP (PF03583), containing MgLip2 (Juntachai et al., 2011) , and family class 3 (PF01764), containing MgLip1 (DeAngelis et al., 2007) and MgMDL2 (Xu et al., 2015) (Fig. 2) . Pfam analysis suggests that MGL_0279 belongs to family class 3 lipases (e value 1.2Â10
À15
). However, it is clearly separated from the other family class 3 lipases in the phylogenetic analysis shown in Fig. 2 . MGL_0279 is much larger than any of the other lipases (1242 aa vs 572 aa) and is the only lipase that lacks a signal sequence, suggesting that this protein is not secreted. Additionally, the lipase domain is limited to the Cterminus of the protein (residues 875-1047) and it lacks two of the three conserved lipase catalytic residues (Table 2 ). These data suggest that MGL_0279 may not encode a functional lipase. As a result, we did not attempt to characterize this putative lipase further. MGL_1769 clusters outside of the major family class 3 clade suggesting it is distantly related to lipases belonging to this class (Fig. 2) , also indicated by Pfam analysis (e value 5.3Â10 À8 ). MGL_1769 lacks two of three key catalytic residues, suggesting this enzyme may be inactive.
Sequence alignment of all 14 lipases showed that the conserved GXSXG motif typical for lipases was present in all proteins (Derewenda & Derewenda, 1991; Derewenda, 1994) (Fig. 2) . Additionally, an aspartate and a histidine residue aligning with the catalytic triad from MgLip1 (Xu et al., 2012b) was found in the family class 3 lipases MgMDL2, MgMDL3, MgMDL4, MgMDL5 and MgMDL6. Lipases, belonging to the LIP family, also contained highly conserved regions representing the catalytic triad (Fig. 2, Table 2 ).
Cloning, heterologous expression and purification of secreted M. globosa lipases Signal peptides were detected at the N-terminus of all M. globosa lipases, except for MGL_0279, via in silico analysis with SignalP 4.1 (Petersen et al., 2011) (Table 2) . Thirteen lipases (all except MGL_0279) were cloned into the E. coli-P. pastoris shuttle vector pPIC3.5 with their signal peptides intact. The pPIC3.5 vector does not provide a sequence for a signal peptide and is used for intracellular expressions of proteins. Thus, secretion of the lipases from P. pastoris would be mediated by the native N-terminal signal peptide of each lipase. MgLip1 was first cloned and expressed with and without a C-terminal His-tag. After observing that the His-tag did not change the activity or the substrate selectivity of MgLip1, seven histidine residues were added to the C-terminus of each lipase to facilitate purification and concentration via Ni 2+ -NTA affinity chromatography. Sequencing of expression constructs confirmed that the sequences of the lipases matched those expected from the M. globosa genome sequence except for the sequence of Mglip4. Two differences relative to the published sequence of Mglip4 were observed in the expression construct (Ser377Gly and Leu387Val). Sequencing multiple PCR products of Mglip4, generated with Mglip4-specific primers on M. globosa genomic DNA as a template, confirmed that the exchanges were not mutations introduced during the cloning process and were indeed present in the M. globosa ATCC 96807 genome.
All lipases were expressed in P. pastoris and 12 of 13 could be purified from cell-free broth by Ni 2+ -NTA affinity chromatography, confirming that the native signal peptides were functional in P. pastoris. These data suggest that the lipases are also likely secreted by M. globosa.
Expression levels of the 13 lipases in P. pastoris were highly variable, and MgLip2 and MgLip3 were by far the most highly expressed proteins. A 1 l expression yielded approximately 55 mg each of MgLip2 and MgLip3, approximately 9 mg each of MgLip1 and MgMDL2, and 4 mg of MgMDL3. In contrast, the expression of MgMDL4, MgMDL5, MgMDL6, MgLip4, MgLip5, MgLip6 and MgLip7 was quite low, and yielded at most 1 mg protein. No expression of MGL_1769 was observed after several attempts. Due to the low similarity of this protein to family class 3 lipases and its lack of a complete catalytic triad, no further characterization of this protein was attempted. Table 2 .
Overview of all 14 lipases from M. globosa
Showing gene accession numbers, the assignment to a lipase class with the associated e value, as well as the length of the signal peptide, and the active site residues. Also the gene length in bp, the number of amino acids of the proteins, the predicted molecular mass (MM) in kDa, the possible N-glycosylated asparagine residues and the apparent MM in kDa are shown. NA All purified lipases (with the exception of MGL_1769) showed a distinct band on SDS-PAGE gels (Fig. 3) .
However, their apparent molecular mass was in most cases larger than the calculated one ( Table 2) . The difference may be explained by N-glycosylation, a common form of protein post-translational modification in P. pastoris. All lipases from M. globosa have at least one potential glycosylation site defined by the Asn-Xaa-Thr/Ser motif (Table 2 ). During expression in P. pastoris, a majority (70 to 90 %) of the Asn residues in potential N-glycosylation sites will be modified by glycosylation (Skropeta et al., 2007) . N-Glycosylation was previously shown for heterologously expressed MgLip1 and MgMDL2 from P. pastoris cells (Xu et al., 2012b (Xu et al., , 2015 , and N-glycosylation has also been shown to be a post-translation modification in M. globosa as MgLip2 purified from M. globosa also exhibited a larger molecular mass than expected (55 vs 49.5 kDa). MALDI-TOF MS analysis of the purified protein confirmed the identity as MgLip2 (Juntachai et al., 2011) . This observation indicates that N-glycosylation is a common post-translational modification in P. pastoris as well as in M. globosa cells and, therefore, it is unlikely that N-glycosylation of the heterologously expressed proteins will affect their activities. It should be mentioned that glycoproteins absorb SDS unevenly at the glycosylation sites; therefore, the bands may appear broader and fuzzier as seen with MgMDL5 in Fig. 3 .
MgLip6 has an extra region rich in serine, lysine and glycine, and is approximately 110 aa longer at the C-terminus than the rest of the LIP class lipases. It was speculated that this region might tether the lipase to the fungal cell wall (Boekhout et al., 2010) . MgLip6 was expressed in P. pastoris and could be purified from the cell-free supernatant in this work, suggesting that if the C-terminal region of the lipase tethers the lipase to the Malassezia cell wall, it doesn't function the same way in P. pastoris.
Substrate specificities of M. globosa lipases
The physiological temperature of human skin ranges from 28 to 30 C (Plasencia et al., 2007) and the natural pH is on average below 5 (Lambers et al., 2006) . Consequently, assay conditions were chosen (pH 5.5, 30 C) that closely mimic the natural environment of M. globosa. Due to limited quantities (<1 mg) of several purified lipases (MgMDL4, MgMDL5, MgMDL6, MgLip4, MgLip5, MgLip6 and MgLip7) , only three substrates could be evaluated against all purified lipases in triplicate assays. Therefore, all purified lipases were tested for their ability to utilize mono-, di-and triolein substrates (Fig. 4) . These substrates were also previously used to determine the substrate specificity of MgLip1, MrLip1, MrLip2 and MrLip3 (DeAngelis et al., 2007; Sommer et al., 2015) .
Lipase activities against the DAG substrate diolein. All lipases showed activity against 1,2-diolein, indicating that all active enzymes are indeed lipases and not esterases. All family class 3 lipases were able to cleave oleic acid from 1,2 isomers of diolein on both the 1 and the 2 position of the glycerol backbone, resulting mainly in free fatty acids and no monoolein was detected. However, monoolein appeared in assays using MgMDL2 (Fig. 4) but, as already shown, MgMDL2 is able to hydrolyse both 1,2-and 1,3-DAGs (Xu et al., 2015) .
Lipase activities against the TAG substrate triolein. The Lip family lipases exhibited hydrolysis of triolein, with the exception of MgLip6, which showed only minimal activity (Fig. 3) . However, no family class 3 lipase showed a significant activity with triolein. This observation is not surprising, as MgLip1 and MgMDL2, belonging to the family class 3 lipases, have been reported to be active with MAGs and DAGs only Xu et al., 2015) . As TAG is a key component of human sebum, these results suggest
Family class Lip that M. globosa may use its arsenal of family Lip lipases to utilize this abundant resource on skin as a carbon source.
Lipase activities against monoolein. Lipases specifically utilizing MAG and DAG substrates have recently attracted significant attention due to their usefulness in medical research and industrial applications. For example, MAGand DAG-specific lipases are involved in neuronal communication (Bisogno et al., 2003) and their key physiological functions make them targets for drug development (Kohnz & Nomura, 2014) . In industrial applications, MAG-and DAG-specific lipases are often used in the production of biodiesel (Hama et al., 2009 ) and food emulsifiers (Huang et al., 2013) . Lipases that selectively produce 1,3-DAG are of particular interest, as such compounds have a number of benefits for lipid metabolism. The absorption and metabolism of DAG oil differs from that of TAG, as DAG is less likely to be stored as body fat (Flickinger & Matsuo, 2003) . All tested lipases showed activity on monoolein; however, MgLip6 only showed poor activity. Family class 3 lipases liberated mostly free fatty acids, but also produced diolein. Family class LIP lipases mostly converted monoolein to diand triolein, while free fatty acids were found in low amounts (Fig. 4) . To assess the regio-selectivity of DAG produced from MAG substrates, the reaction products of five lipases exhibiting significant levels of DAG production were analysed via TLC (data not shown). This analysis revealed that both 1,2-and 1,3-DAG were produced, although the 1,3-isomer was the predominant product. This result is similar to the activity reported for MgLip1 (Xu et al., 2012a) . In addition to adding free fatty acids to MAGs, DAGs can also be produced by partial hydrolysis of TAGs. However, the TAG lipases tested in this study did not show any regio-selectivity as triolein was almost completely converted to free fatty acids and no diolein was detected (Fig. 4) .
Molecular basis for the TAG activity of MgLip2
The crystal structure of MgLip1 provided an explanation for the substrate specificity of this enzyme for DAGs due to the presence of bulky residues (Trp229 and Phe278) in the binding pocket and a longer hinge region of the open lid, which may sterically hinder TAGs from accessing the active site (Xu et al., 2012b) . MgLip1 showed a novel lid structure in its closed state. The lid formed from Thr101 to Asp119 adopts a loop conformation with a small supplementary 3 10 helical turn containing three residues at the C-terminus. Most recently, the same research group showed that the substrate selectivity of MgLip1 could be changed with just one amino acid exchange (Gln282Leu). The authors surmised that the catalytic pocket of MgLip1 can accommodate TAGs, but catalysis is hindered by unfavourable interactions between the additional hydrophobic acyl moiety of TAGs and the highly hydrophilic Gln282 .
To gain insight into the structural basis of the substrate specificity of the M. globosa family Lip lipases, a model of MgLip2 was calculated using Phyre 2 (Kelley & Sternberg, 2009) . The model was based on the crystal structure of the Candida antarctica lipase A in its closed state (PDB: 2VEO). The model showed no bulky hydrophobic residues adjacent to the catalytic site and the N-terminal hinge region of the lid. This suggests that access of TAGs to the active site is not sterically hindered in MgLip2 and may explain its ability to utilize these larger substrates. Experimental verification through modification of catalytic site residues is required to validate this hypothesis.
Activity of selected M. globosa lipases against the most common TAGs and DAGs in human sebum
Previously, Xu and colleagues reported that the majority of M. globosa genes encoding predicted lipases and phospholipases were expressed on the human scalp, and the expression of MgLip2, MgLip6, MgMDL6, MgMDL2, MgMDL3 and MgLip1 was shown in vivo by RT-PCR (Xu et al., 2007) . To better understand the substrate specificities of the different lipases and their potential aetiopathological role in associated skin disorders (e.g. dandruff or SD), the most abundantly expressed secreted lipases were evaluated for their ability to hydrolyse several DAGs and TAGs predominantly found in human sebum. MgLip1, MgMDL2, MgMDL3, MgLip2 and MgLip3 were evaluated against the saturated substrates 1,2-distearin, tristearin, 1,2-dipalmitoylglycerol and tripalmitoylglycerol, and against the unsaturated substrates 1,2-dilinolein, trilinolein, 1,2-dipalmitolein and trihexadecenoin (Table 3 ). Therefore, we tested five lipases from M. globosa that are described to be secreted in vivo on human scalp, against eight different DAG and TAG substrates that are present in human sebum.
We observed that the lipase activity on the various DAG and TAG substrates was strongly affected by differences in solubility, emulsification efficiency and the stability of the emulsion. Different techniques for solubilizing the substrates were evaluated, including heating the assay without enzyme for several minutes at 90 C, adding different emulsifiers (Tween 20/40/80, PVP, DMSO, ox bile), topping of the assays with solvents like hexane and sonicating the substrates in water or solvent. Sonication by using an ultrasonic probe was the most effective and consistent approach to solubilize most of the substrates. The crucial parameter was keeping the sonic energy above 60 W to ensure a thorough dissolution. The assays with solid, saturated substrates were topped with hexane to increase substrate solubility sufficiently to ensure that all tested lipases could access the substrate. Additionally, assays with di-and trilinolein were also topped with hexane and the products present in the hexane layer were analysed via TLC.
As observed with the mono-, di-and triolein substrates, only the family Lip lipases were capable of hydrolysing TAGs; therefore, MgMDL2 and MgMDL3 were only tested with the different DAG substrates. For each assay, 66 µg lipase ml À1 was used for MgLip1, MgMDL3, MgLip2 and MgLip3, and 150 µg lipase ml À1 was used for MgMDL2. A higher concentration of MgMDL2 was used due to the lower conversion rate of this lipase.
All tested lipases were able to hydrolyse free fatty acids from the different DAG and TAG substrates (Table 3) . Therefore, we confirmed that the five lipases, belonging to the family class 3 and Lip lipases, were able to digest DAGs and TAGs present in human sebum. MgLip2 and MgLip3 were able to hydrolyse all offered DAGs and TAGs, and MgLip1 was able to hydrolyse all DAGs but not the TAGs, as expected. MgMDL2 and MgMDL3 showed lower activities than the other lipases and especially MgMDL2 did not show any activity with 1,2-dipalmitoylglycerol under the tested conditions. In general, the lipases exhibited greater activity with the unsaturated substrates than with the saturated substrates, which may be explained by the differing solubility of the substrates.
MgLip2 and MgLip3 exhibited similar activity profiles and were able to convert all TAGs to free fatty acids and glycerol (Table 3) . It is not surprising that both enzymes showed very similar expression levels and conversion rates, as their amino acid sequences show 93 % identity. The differences result from 32 exchanges, of which none is classified as highly deleterious mutations according to the SuSPect method (Kelley & Sternberg, 2009) . The high similarity between these two proteins might be the result of gene duplication after the separation of Malassezia and Ustilago from a common ancestor, as mentioned by Xu et al. regard- ing the relationship of MgLip1 and MgMDL4 (Boekhout et al., 2010) . Table 3 . MgLip1, MgMDL2, MgMDL3, MgLip2 and MgLip3 conversion rates (%) for the most abundant substrates in human sebum Solubilized substrates were incubated with the given amount of enzyme and incubated at 30 C for 24 h. Assays were extracted and analysed via HPLC or in the case of dilinolein and trilinolein via TLC. 
Conclusions
In summary, we have described the cloning and recombinant expression of 13 secreted lipases from M. globosa in P. pastoris, 10 of which have not been previously expressed. Activity assays with diolein and triolein confirmed that all enzymes were indeed lipases. Lipases belonging to the family class 3 were only able to act on MAGs and DAGs, while lipases belonging to the LIP family were also able to degrade TAGs. Knowing the likely importance of M. globosa in the lipid metabolism of dandruff, a mild version of SD, we also tested the five most abundantly expressed lipases against the most common DAG and TAG substrates that are known to be present in the human sebum to provide new insights into the substrate selectivity of the secreted lipases from this lipophilic yeast. This result showed that family Lip lipases are able to hydrolyse TAGs, the main free fatty acid source for M. globosa in the human sebum. Therefore, family Lip lipases can provide a steady supply of free fatty acids to M. globosa, which is unable to synthesize its own free fatty acids, as its genome does not encode a free fatty acid synthase. Most likely family class 3 lipases hydrolyse MAGs and DAGs that are left behind from the microbiome on the skin to further provide nutrition for M. globosa.
